Regenerative discharge of action potentials is induced in mammalian papillary muscles by passage of small depolarizing currents. In this paper, the effects of various extracellular calcium and sodium concentrations and of tetrodotoxin on this phenomenon were studied in guinea pig papillary muscles in a sucrose gap chamber. Phase 4 diastolic depolarization was found to be associated with an increase in membrane resistance. The slope of phase 4 depolarization was decreased by reductions in extracellular calcium or sodium concentration. The range of maximum diastolic potentials and the thresholds from which regenerative potentials arose were reduced, especially at the positive limit of potentials, by a reduction in either ion. It was concluded that both calcium and sodium influence diastolic depolarization and participate in the regenerative action potentials of depolarizationinduced ventricular automaticity.
• The occurrence of automaticity in mammalian ventricular myocardial fibers when they are subjected to small depolarizing currents has recently been reported from this laboratory (1, 2) . This depolarization-induced automaticity appears to resemble the phenomenon previously reported in mammalian Purkinje fibers (3) (4) (5) , the chick embryo heart (6) , and the frog atrium (7, 8) .
It is generally accepted that, in Purkinje fibers and perhaps in all cardiac pacemakers, phase 4 depolarization occurs as the result of a decrease in potassium (K) conductance in the presence of a small depolarizing current (3, 9, 10) . The nature of the depolarizing current has not been completely defined. Brooks and Lu (11) and West (12) in recent reviews of sinoatrial nodal pacemaker physiology have ascribed a role to calcium (Ca) ions. In cultured chick heart cells, however, an elevation of the extracellular calcium concentration, [Ca] o , has no detectable effects (13) . In spontaneously firing Purkinje fibers, a reduction of the extracellular sodium concentration, [Na] o , reduces or abolishes pacemaker activity, but changes in [Ca] o have little effect on this variable (14, 15) . Studies of depolarization-induced automaticity in Purkinje fibers have led to suggestions that Na is primarily responsible (3) or that both Na and Ca are involved in phase 4 depolarizing currents (5) . Furthermore, From the Department of Pharmacology, University of California at San Francisco, San Francisco, California 94143.
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Received October 31, 1975 . Accepted for publication April 29, 1975. 118 the recent work of Aronson and Cranefield (16) has shown that Purkinje fibers soaked in Na-free solutions for several hours are capable of phase 4 depolarization leading to Ca-dependent action potentials.
In the case of automaticity induced by application of current from an external source, two possible sources of depolarizing current can be postulated: (1) an electrophoretic inflow of K ions from the immediate current source, and (2) atransmembrane Na or Ca current. Preliminary experiments (1, 2) have suggested that both Na and Ca are involved in depolarization-induced automaticity in guinea pig ventricular myocardial cells. In those experiments, tetrodotoxin was used to diminish Na current and verapamil was used as a Ca blocker. To more clearly define the roles of Na and Ca in ventricular automaticity, further experiments were carried out in which the extracellular concentrations of these ions were varied. Tetrodotoxin was used as an inhibitor of the Na system (17, 18) .
Methods
Guinea pigs (250-350g) were killed by cervical dislocation. Papillary muscles (5 mm long x 0.6-1.0 mm in diameter) were rapidly excised from the hearts and mounted in a sucrose gap chamber of the type described by Reuter and Scholtz (19) . The tip of the papillary muscle in the test chamber was limited to 0.6-1.0 mm in length. Impalements were obtained with standard glass microelectrodes, and membrane potential was taken as the potential difference between the intracellular electrode and a similar extracellular microelectrode located at the surface of the muscle. Constant-current pulses were generated by the feedback arrangement shown in Figure 1 . Command pulses were derived from Grass stimulators. This type of feedback clamping was superior Schematic diagram of the experimental apparatus. The muscle chamber is shown in heavy black outline, divided into three compartments (T = Tyrode's solution perfusion and S = sucrose perfusion) by two rubber membranes. The papillary muscle is connected to the lever of a Grass FT. 03 to the common technique of using a large series resistor at the output of a stimulator without feedback, since it provided truly rectangular current clamps under all conditions. Current and transmembrane voltage were displayed on an oscilloscope and recorded on film in every experiment. In most experiments, the time differential of transmembrane potential (dV/dt), obtained by standard operational amplifier techniques, was also displayed and photographed. In a few experiments, contractility was also measured using a Grass FT .03 isometric tension transducer. Observation of the preparation showed that contractile activity was usually limited to the test chamber (bottom chamber section in Fig. 1 ). The current injection chamber (top chamber section in Fig. 1 ) was perfused throughout all experiments with conventional bicarbonate Tyrode's solution (NaCl 134 mM, KC1 5.0 mM, MgCl 2 1.05 mM, CaCl 2 1.8 mM, NaHCO 3 11.0 mM, NaH 2 PC\ 0.42 mM, and glucose 5.5 mM) which was bubbled with 5% CO 2 -95% O 2 . The middle (sucrose) chamber section was perfused with isotonic sucrose solution (300 mM) containing 5.5 mM glucose and bubbled with 100% O 2 . The test compartment was perfused with either bicarbonate Tyrode's solution as described or Tris-buffered Tyrode's solution in which NaHCO 3 and NaH 2 P0 4 were replaced with 5.0 mM Tris-hydroxymethylamine methane. Tris solutions were titrated with HC1 to pH 7.2 (similar to the pH of the bicarbonate Tyrode's solution at 36°C) and bubbled with 100% O 2 . Solutions buffered at pH 7.4 gave identical results. Variations in the Na concentration of the perfusate were obtained by replacing various fractions of the NaCl with isosmotic quantities of choline chloride. Atropine sulfate was added to choline-containing solu-Circulation Research, Vol. 37, July 1975 tions in the proportion of 1 mg atropine sulfate/140 mM choline. A few experiments were also carried out in which sucrose rather than choline chloride isosmotically replaced NaCl. No difference between the choline and the sucrose results could be detected. [Ca] o was varied by changing the amount of CaCl 2 added without compensation for the relatively small variations in osmotic pressure which resulted. All Ca variation experiments were carried out using Tris-buffered solution. Tetrodotoxincontaining solutions were made by dissolving 1 mgof the lyophilized material (Calbiochem) in 50 or 100 ml of Tris-buffered Tyrode's solution. Temperature was monitored with a thermistor probe located in the anterior chamber close to the preparation and was maintained at 36°C.
Experiments were carried out by stimulating the muscle initially with short (2-5 msec) pulses 1-1.5 times threshold at 0.5 Hz to evaluate action potential configuration and ascertain that the normal resting potential was completely stable. Then, current clamps 1-2 seconds in duration were applied at a rate of 0.05 Hz starting at subthreshold intensity and incrementing the magnitude of the pulses. Test solutions were then perfused through the anterior chamber, and the procedure was repeated until a new steady state was defined. Generally, achievement of a new steady state required 20-40 minutes for changes in [Ca] o and 15-30 minutes for changes in [Na] o . Effects of tetrodotoxin were usually stable after 5-10 minutes but were checked for at least 20 minutes. A washout in normal Tyrode's solution was then attempted; if it was successful, further test solutions were studied. In all cases, continuous single-cell impalements were used to compare control and test parameters. Figure 2 illustrates some of the features of depolarization-induced automaticity in guinea pig ventricular myocardial cells. Conventional short stimuli elicited typical action potentials with flat phase 4 intervals (section 1). Long current pulses of increasing intensity led to progressively greater depolarization resulting in, first, a single elicited action potential followed by a relatively stable but depolarized potential (section 2) and then phase 4 depolarization leading to repetitive "spontaneous" action potentials (section 3). There was a gradual positive shift in threshold and a decrease in phase 0 dV/dt as depolarization was increased. As shown in sections 3 and 4, phase 4 depolarization developing after the most negative maximum diastolic potentials was slow and frequently quite linear. However, with even small shifts to less negative maximum diastolic potentials (higher current intensities), phase 4 became progressively greater and curvilinear (sections [5] [6] [7] [8] . At maximum diastolic potentials more positive than -30 to -45 mv, a slowing of the repetition rate was usually observed small damped oscillations (section 9). The relationship of phase 4 depolarization slope to maximum diastolic potential varied somewhat for different muscles, but the biphasic relationship was similar in all. Following release of the current clamp, a current-dependent residual depolarization lasting 1-5 seconds was always seen.
Results

T -
To evaluate overall changes in membrane conductance during depolarization-induced automaticity, resistance was measured by injection of l-/ua rectangular current pulses at 5 Hz. The voltage deflections produced by the current pulses were taken as being proportional to membrane resistance. Membrane resistance measured at reduced membrane potentials during depolarizing pulses was considerably greater than resistance measured before or after the current pulse, indicating the presence of significant anomalous rectification. When depolarization was sufficient to lead to progressive phase 4 depolarization, a further progressive increase in membrane resistance was detected during the pacemaker potential.
EFFECTS OF EXTRACELLULAR CALCIUM
The effects of changing [Ca] o were studied in 11 preparations. Typical results are illustrated in Figure 3 . Altering [Ca] o frequently changed the maximum diastolic potential-applied current relationship. Since the automaticity resulting from the applied current is more consistently related to the maximum diastolic potential than it is to the current, the sections shown in Figure 3 were selected for comparison on the basis of equivalent maximum diastolic potential alone. In every experiment, the most obvious effects of decreasing [Ca] o were a small decrease in the overshoot and dV/dt of the initial elcited action potential and a marked decrease in both variables in subsequent regenerative action potentials at all diastolic potential levels ( Fig. 3 , sections 5 and 6). Secondly, the range of diastolic potentials from which action potentials arose was constricted, especially at the positive range limit (compare sections 3 and 6; Table 1 ). In most preparations, slowing of repolarization (phase 3) was observed for action potentials occurring during long current pulses in low [Ca] o . There was no significant shift in threshold relative to maximum diastolic potential for the regenerative action potentials (note the parallel changes in threshold and maximum diastolic potential limits, Table 1 ). Maximum phase 4 slope (i.e., between -40 and -55 mv) was usually moderately decreased by reduction of Ca concentration. At less negative maximum diastolic potentials, it was consistently decreased and regenerative action potentials were frequently abolished ( Fig. 3, section 6 ). As shown in the last three sections of Figure 3 , increasing [Ca] 0 from 1.8 to 5.4 mM caused an increased overshoot and upstroke dV/dt for regenerative action potentials, a somewhat broader range of maximum diastolic potentials from which regenerative action potentials arose, and shorter action potential durations. Elevation of [Ca] o resulted in a slight increase in phase 4 slope in approximately half of the muscles studied and a decrease in the remainder (Fig. 3, sections 7 and 8 ).
EFFECTS OF EXTRACELLULAR SODIUM
The effects of reducing [Na] o were studied i.i six preparations. Because prominent effects were present in some muscles at 72 mM [Na] 0 (50% of normal) and in all at 36 mM and because rapidly increasing contractile force made it difficult to maintain impalements, no attempt was made to reduce [Na] o below 25% of normal. Figure 4 illustrates the effect of a reduction in [Na] o in two steps. Note that at 50% [Na] o , the major electrical effects resembled those of Ca depletion, i.e., reduction of action potential overshoot and upstroke dV/dt (sections 2 and 3 vs. 5 and 6). With reduction of [Na] o to 25%, there was a marked positive shift in the threshold potential associated with more negative maximum diastolic potentials (section 8). This change is also shown clearly in Table 1 , in which a moderately positive shift in the negative limit of the maximum diastolic potential range (+7.8 mv) was accompanied by a much larger shift in the threshold associated with these action potentials ( + 17.8 mv). As a result, an increase in the interval between the first elicited action potential and the second regenerative action potential was consistently observed. A further loss of action potential overshoot and upstroke dV/dt and a marked increase in contractile force were also observed. However, some phase 4 depolarization still occurred. The effects of [Ca] o and [Na] o reduction on phase 4 depolarization rate in a different preparation are shown graphically in Figure 5 . At 50% reduction of either ion, peak depolarization rates were moderately reduced, but there was little effect at more negative membrane potentials. With further reduction of Na to 25% of normal, regenerative action potentials were abolished in this muscle and only phase 4 depolarization was observed. However, even with reduction of [Ca] o to 10%, well-defined regenerative action potentials persisted at intermediate membrane potentials, and phase 4 depolarization rates were fairly well maintained. At less negative potentials however (positive to -45 mv), regenerative action potentials were abolished. The effects of variations in [Ca] o and [Na] o on action potential overshoot are graphed in Figure 6 . It appears that action potential overshoot is partially dependent on the extracellular concentrations of Na and Ca at all membrane potentials sampled. The apparent dependence on [Na] o is particularly interesting, since Imanishi (5) concluded that for depolarization-induced automaticity in Purkinje fibers Na did not play a significant role at less negative maximum diastolic potentials. However, he did not report overshoot data for his low-Na experiments. There are several reasons for caution in the interpretation of these plots. First, action potential amplitudes are increased during constant-current pulses by an amount equal to the current-resistance product (I x R) across the structures lying between the intra-and extracellular microelectrodes. This I x R increment probably differs at different [Ca] o or [Na] o (unpublished results). Second, application of the Nernst relationship assumes that permeability to other chargecarrying ions is negligible (20) . As shown by Reuter (21) , even a low level of concurrent K permeability results in deviation from the theoretical slope for curves relating overshoot to extracellular concentrations.
EFFECTS OF TETRODOTOXIN
Consideration of the effects of extracellular Na reduction leads to the conclusion that the results shown in Figures 5 and 6 cannot all be attributed to simple extracellular Na depletion. As suggested by the dramatic increase in contractile force registered in the experiment of Figure 4 , [Na] o reduction is associated with an increase in intracellular Ca (22, 23) which, in turn, will diminish the driving force Circulation Research, Vol. 37, July 1975 for inward Ca current. Therefore, four preparations were studied in which tetrodotoxin was used to block Na currents. As indicated in Figure 7 , this agent resembled [Na] o reduction in that it greatly reduced action potential Overshoot and upstroke dV/dt (sections 4 and 5 vs. 1 and 2) and moved the threshold to much more positive levels (section 5 vs. 2). However, tetrodotoxin had little effect on the small regenerative action potentials occurring at low membrane potentials (section 6 vs. 3). There was little effect on contractile force (not shown). When Ca in the perfusate was reduced to 0.18 mM while tetrodotoxin administration was continued, phase 4 depolarization was almost eliminated, and all regenerative action potentials were abolished (sections 8 and 9). However, the muscle was still capable of active responses (section 10) if it was depolarized to threshold by a short strong stimulus (arrow) superimposed on the long current pulse.
Discussion
The influence of resting potential on automaticity in cells recognized as latent or overt pacemak- ers, e.g., Purkinje fibers (3-5, 24) and cultured chick heart cells (6) , has been well demonstrated.
Recently, evidence has accumulated which shows that a number of normally quiescent cell types may also undergo repetitive oscillations, often leading to regenerative action potentials, when the resting potential is reduced. This phenomenon has been convincingly shown in frog atrial tissue by several groups (7, 8) . Using mammalian ventricular muscle, Antoni and Tagtmeyer (25) have reported that strong hyperpolarizing current pulses are followed by a variable period of regenerative spike activity. The present study, along with preceding preliminary reports (1, 2) shows that such activity can be more readily induced in ventricular myocardium by depolarizing currents. Regenerative spike activity requires (1) a slow depolarizing process which prevents the cell from maintaining the maximum diastolic potential, (2) a more rapid depolarizing (spike) process, and (3) a repolarizing process which returns the cell to its maximum diastolic potential (9, 26) . The present results yield some insight into the first two of these processes.
PHASE 4 DEPOLARIZATION
It was first shown by Weidmann (27) that in Purkinje fibers phase 4 depolarization is accompanied by increasing membrane resistance (calculated from the change in membrane potential produced by small low-frequency current pulses). The present results, utilizing a similar method, indicate that a similar change in resistance accompanies diastolic depolarization in the ventricle. However, lacking full voltage clamp analysis, it cannot be stated whether this apparent conductance change is the cause or the result of the observed phase 4 depolarization.
Considerable evidence from voltage clamp studies in Purkinje fibers indicates that deactivation of one of two K conductances, gK 2 or gX,, depending on the membrane potential, is responsible for the phase 4 increase in membrane resistance and phase 4 depolarization (28, 29) . Several laboratories have defined an outward current in frog atrial muscle which closely resembles the I Xl of Purkinje fibers and is presumably involved in the depolarization-induced automaticity demonstrable in this tissue (7, 8, 30) . In ventricular myocardium, timedependent outward currents vary for different species (31) but have been demonstrated in guinea pigs (32) and monkeys (33) . It is not clear whether the time dependence of these currents is the result of a time-related conductance change or a change in K gradient resulting from accumulation of K ions in a diffusion-limited space (31) . In relation to the present results, the former mechanism is more consistent with the observed increase in membrane resistance during phase 4, but the latter mechanism is supported by the residual depolarization consistently observed following release of current clamps. The absence of phase 4 depolarization in the ventricle at normal resting potentials (negative to -80 mv) is consistent with the absence of the IK, system identified in Purkinje fibers.
A small inward transmembrane current (background current) may flow during ventricular phase 4 depolarization at maximum diastolic potentials positive to -60 mv. This possibility is suggested by the reduction of phase 4 slopes for maximum diastolic potentials above -65 mv when either Ca or Na was reduced ( Fig. 5 ) and when tetrodotoxin was used (Fig. 7) . However, it is impossible to rule out an indirect mechanism, i.e., modification of K Circulation Research, Vol. 37, July 1975 permeability or kinetics, as the sole cause of this effect. For instance, reduction of [Ca] o might increase outward K current as it does in squid axons (34) and thus lead to a decrease in phase 4 slope. Reduction of [NaL through an increase in [Ca]j might increase K permeability as has been reported for motoneurons (35) . The inability of elevated [Ca] o to accelerate phase 4 depolarization in several preparations (Fig. 3, sections 8 and 9 ) can probably be explained on the basis of an increase in K permeability. The effect of [Ca] o on K permeability is also suggested by the inverse relationship which was consistently observed between [Ca] o and the duration of the regenerative action potentials. This concept is supported by evidence from other tissues of a direct relationship between intracellular Ca concentration and K permeability (35) .
THE REGENERATIVE SPIKE PROCESS
The present results support the concept that both Na and Ca participate in the regenerative action potentials of ventricular automaticity. The major evidence for the participation of Na is the significant positive shift in threshold and the decrease in upstroke velocity when Na is reduced in the perfusate or when tetrodotoxin is added. Changes in [Ca] o have relatively little effect on the relationship between maximum diastolic potential and threshold, but at less negative maximum 126 KATZUNG diastolic potentials Ca depletion abolishes regenerative spikes before diastolic depolarization is eliminated.
The reduction in action potential overshoot by reduction of either [Ca] o or [Na] 0 was a consistent finding. This finding is similar to that reported for conventional stimulated action potentials in frog (17, 36) and guinea pig (37, 38) ventricles. However, the very marked effect of [Na] o reduction on the occurrence of action potentials at less negative potentials ( Fig. 4 , sections 6 and 9) was not reproduced by high concentrations of tetrodotoxin ( Fig. 7, section 6 ). Thus, it appears likely that this effect of [Na] o reduction might have resulted from intracellular Ca accumulation (22, 23) and a resulting decrease in Ca current. Alternatively, the possibility that tetrodotoxin-insensitive channels for Na current exist in the guinea pig ventricle must be considered. Evidence for such channels in the chick embryo heart has been reported (39) .
Ca clearly plays an important role in the genesis of regenerative action potentials. It is well documented that Ca can support regenerative action potentials in cardiac cells in Na-free solutions and in K-depolarized or tetrodotoxin-treated preparations in which the Na conductance is presumably completely inactivated or blocked (16, 21) . In the present experiments, [Ca] o was directly related to action potential upstroke dV/dt and to action potential overshoot at all membrane potentials. In addition, reduction of [Ca] o to 10% of normal usually eliminated regenerative spiking at less negative potentials.
These results suggest that depolarization-induced automaticity in ventricular fibers is similar to that in Purkinje fibers. The data do not permit a definitive explanation of depolarization-induced automaticity but emphasize the need for further study of this phenomenon in a variety of cardiac cells. Finally, it should be recognized that adequate spatial control (space clamp) is important in current clamps as well as in voltage clamps (21, 40) . Nonhomogeneous distribution of current to different portions of the tissue under study could reproduce many of the results reported in the present paper.
Addendum
Since this paper was submitted, two abstracts have been published relating to depolarizationinduced automaticity in ventricular fibers (Surawicz and Imanishi, Circulation 50:111-84, 1974, and Imanishi and Surawicz, Circulation 50:111-145, 1974).
